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Overview

• LLRF Spec for TESLA Linear Collider

• LLRF Spec for the European XFEL

• How to Control Phase to 0.01 deg.

• Comparison Specs  ILC – XFEL
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History of Requirements for Ampl. & Phase Stability

2e-40.1VUV-FEL

3e-40.2TESLA

1.7e-40.01X-FEL

2e-30.3TTF 1998

1e-21TTF 1996
σΑ/Ασφ [deg]
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Beam/RF Parameters for the TESLA Collider Linac
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Energy Spread as function of Linac Phase
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TESLA Linear Collider Linac

• Specification for LLRF Stability derived from Beam 
properties
– Energy spread (intra-bunch, bunch-to bunch, long-term)

• Intra-bunch 5e-4   =>  desired bunch-to-bunch  same order (5e-
4) to limit chromatic effects  ( => emittance growth )

• Long term (usually time scale for thermal drift => beam based 
feedbacks

– Emittance ( can increase as result of chromatic effects)
– Arrival time (error will reduce luminosity)

• Amplitude and phase stability requirements 
(assuming error budget is distributed equally on ampl. and phase and -
5 deg. off-crest operation for wakefield compensation) :
– σA/A = 3e-4 (corr.) and 5e-3 (uncorr.)
– σφ/φ = 0.2 deg. (corr) and > 2 deg. (uncorr.)

• Note: Bunch compressor requirement 0.33 deg. (not including 
arrival time effects)
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Bunch Compressor Configuration for XFEL
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Sensitivity Table for European X-FEL
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Schematic of two Stage Bunch Compression
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Jitter Sensitivity
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Phase Jitter Compensation
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RF Multi Knobs
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RF Phase Jitter Sensitivity Optimization Scenarios
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RF Phase Sensitivities
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Conclusion of Sensitivity Studies
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Including Arrival Time in Studies
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Error Budget for LLRF Control

• Different RF Systems have different requirements 
for rf stability*
– Photokathode Laser
– RF Gun
– Cavities before BC 1
– Cavities before BC 2
– Cavities in main linac
– Pump probe laser
– Beam diagnostics 

Note: Phase stability is usually meas. with respect to the Master Oscillator
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Error budget M.O. and Distribution

• Contribution to phase noise an drifts
1. Reference oscillator (close in phase noise)
2. PLLs generating different frequencies
3. Distribution amplifiers
4. Coaxial or fiber distribution system
5. Local distribution 
6. Local LO-generation
7. Clock jitter for digital IQ detection
8. Downconverters
Note: Fiber Master Oscillator could help to reduce drift 

components 2.-7. to about 10 fs and reduce integrated 
phasenoise >10 kHz to a few femtoseconds. 
Remaining drift of the order of 100 fs / deg. C (Need 
good temp. stabilization for 10 fs).
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Typical Phasenoise and Drifts of Components

• Phase detectors:  
– 0.1 – 1 ps / deg. C
– integrated phase noise : ~10 fs (10kHz-1 MHz)

• Phase stable coaxial cables: 
– 1-3 ppm /deg. C
– some cables quite sensitive to microphonics

• Oscillators : 70 fs (10 Hz – 10 MHz)
• Amplifiers:

– 0.1 – 1 ps / deg.
– Ampl. noise > phase noise (PS stability !)



Detectors (comparison long and short cable)
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Phase Noise different outputs (1.3GHz)
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Expected Performance

• LLRF System will be able provide (rough guess)
– Short term ( < 1 s) stability of 0.01 deg.
– Medium term (1-100 s) of 0.03 deg.
– Long term (100 – 1000s) of 0.1-0.5 deg.stability

• Improvement of long term stability to 10 fs only 
possible with
– Optical master oscillator and distribution
– Beam based feedbacks
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Achieving 0.01 deg. Phase Stability
  •  Short term (within in 1 ms pulse)
  •  medium term (pulse to pulse, several seconds)
  •  long term ( thermal time scale, minutes to hours)

  •  Sources of cavity field perturbations
  - Lorentz force detuning
  - Microphonics
  - Beam loading
  - other (electronic noise in field detectors, phase noise and drifts 

of phase reference, ripple of klystron power supply, etc.)

IILC    RF/Timing   FNAL 2006
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RF Regulation TESLA Cavity (Simulation)

Gradient

Detuning

Microphonics

Beam Current

Phase

Detuning
Lorentz Force

Microphonics

Lorentz Force

Gradient Phase

IILC    RF/Timing



Stefan Simrock DESY

Measured Stability in ACC 2+3
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Field Regulation at VUV-FEL

ACC1

ACC23

ACC45
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Field Regulation at the VUV-FEL

ACC1 ACC23

ACC45
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Field Regulation at VUV-FEL
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Drift ACC1 (cryomodule before BC) at TTF
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Phase stability with pyro-detector

But! This is the phase stability between
the beam arrival into the acceleration module
relative to the RF phase!!!
=> Major contribution is likely from laser
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DESY

Error Map
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Improving Cavity Field Regulation
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Noise characterization of the LLRF System (TTF2)

n RF digital feedback system (TTF2) :

MHzf 10≈∆
Bandwidth for transforming 250kHz squared pulses :

Required regulation bandwidth only :

MHzf 1≈∆

n +I,-I,+Q,-Q detection scheme :

Rotation of the LO-signal in four 90o steps

Re

Im

Phase modulation
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n Stability requirements on phase and amplitude of the cavity field vector :

Amplitude stability : 410−<
A
Ad

Phase stability : °< 01.0df

VµUd XFEL 100<
(normalized to A=1V)

fSdffSUd U
f

U ∆
∆

≈= ∫ )(

rms-voltage noise :

XFELTTF UdmVUd ×=≈ 100.12

n Noise measurement at input of an ADC :

⇓

ACC5, Probe
DCW, AN-36

time
100ns/div

voltage
2mV/div

Reduce the measuring bandwidth

Low-noise design

Averaging, switched low-pass!

Correlation methods

VµUdUdUdUd externMOIQDWC 100...2222 <++++

Superposition of all noise contributions :

+

-
+
+

and linearity 

df

Ad

A

Noise characterization of the LLRF System (TTF2)
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  • AD8347 IQ detector
The same circuits are also used to detect the incident wave
and reflected wave vectors usually described as forward
and reflected power. Examples of the excellent perfor-
mance of these detectors are shown in Figure 3. The 

ACTUATORS FOR FIELD CONTROL
Similar circuits as used for field detection are also used for
the control of the incident wave. Since analog multipliers
can be also used for control of the amplitude of an rf wave
they can be used in upconverters and for amplitude con-
trol. The digital downconversion scheme can also be used
in an upconversion mode where the frequency f1 (discrete

samples) written to the DAC which is clocked at f2  gener-
ates a sideband (among many others) of f1+f2 which con-
tains the control vector and is filtered and upconverted to
the operating frequency of the cavity. Examples for vector
modulators are:

  • RF 2480 

  • AD8346

  • HMC 495 and 497
The linearity of a vector modulator is shown in Figure 4.

DIGITAL RF CONTROL
The key elements of a digital feedback system are the
ADCs for the measurement of the detector signals for the
cavity field and forward and reflected power, the DACs
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Figure 2: Typical configuration of an RF control system using digital feedback control

a) b)

Figure 3: a) Temperature stability of the amplitude
detector AD861 and b) linearity of IQ detector AD8347

Figure 4: Linearity of the vector modulator RF 2480




